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Introduction: Volcanic surfaces are common and 
varied throughout the terrestrial planets. Remote spec-
troscopy is often the only method for determining sur-
face chemistry and mineralogy of such provinces, and 
is thus critical for understanding petrologic processes 
and constraining planetary interior evolution and 
chemistry. Natural volcanic systems exhibit variability 
in magmatic chemical evolution, crystallinity, oxida-
tion, and eruption-related alteration (e.g. hydrother-
mal). The extent to which spectroscopy can identify 
these characteristics alongside each other is thus a key 
question for interpreting volcanic processes from orbit. 
While the effects of each of these on visible/near-
infrared (VNIR) and thermal infrared (TIR) spectra of 
igneous rocks has been studied separately to varying 
degrees, their combined spectral effects (and interpret-
ability of such spectra) are understudied. 
To test how well VNIR and TIR spectra can quanti-
fy volcanic variability in a natural system, we collected 
~140 rock samples from 12 volcanic units at the North 
and Middle Sister Volcanoes in Oregon. The 43 repre-
sentative samples discussed here range from basaltic 
andesite to rhyolite, tephra to massive lava flow, and 
exhibit variable degrees of crystallinity and oxidation. 
Methods: All rocks were crushed and sieved to 
<125 µm before further analysis. TIR (5-50 µm) emis-
sion spectra of pelletized samples were acquired at 
Arizona State University using a Nicolet iS50R FT-IR 
spectrometer modified to measure emitted energy. To 
analyze mineral abundances, we compiled a new vol-
canic environment-oriented TIR emission spectral li-
brary using spectra from previously published studies 
and the ASU SpecLib [1]. We deconvolved sample 
spectra using the non-negative least squares technique 
of [2] between 325-1250 cm-1 to retrieve modal miner-
al abundances. VNIR (0.35-2.5 µm) reflectance spectra 
of powders were collected using an ASD QualitySpec 
Trek spectrometer at Purdue University. Samples were 
prepared for X-ray diffraction (XRD) analysis by add-
ing an internal standard (20 wt.% Al2O3). XRD pat-
terns were measured at Purdue University and 
NASA/JSC using PANalytical X’Pert Pro MPD dif-
fractometers outfitted with Co-Ka X-ray sources. The 
X’Pert HighScorePlus software was used to derive 
quantitative mineral and X-ray amorphous abundances 
via the Rietveld method [3] and average plagioclase 
feldspar chemistry via unit cell refinement [4]. Mineral 
chemistries for 10 samples were also measured using a 
Cameca SX100 electron microprobe (EMPA) at JSC. 
Magmatic evolution: VNIR: Fe-bearing mineral   
signatures indicative of magmatic evolution overlap in 
VNIR, and Fe-poor primary silicates (e.g. quartz, feld-
spars) exhibit little to no VNIR signature, hindering 
petrologic interpretation when multiple phases are pre-
sent. Previous studies have created parameters for as-
sessing the spectrally dominant phases in ferrous min-
eral mixtures [5], but nonlinear mixing, spectrally 
bland phases, and non-uniqueness make petrologic 
interpretation or modal abundance retrieval difficult 
and imprecise. In our samples, highly similar 1.1-1.3 
µm shoulders often attributed to olivine also arise from 
Fe-bearing glass [5], Fe-bearing plagioclase [6], and/or 
rapidly cooled Fe-bearing pyroxene [7] (Fig. 1).  
TIR: Previous studies have retrieved modal primary 
mineral abundances from TIR spectra of relatively 
crystalline, unoxidized igneous material to within ~5-
Fig. 1. Basaltic andesite (mms2) and dacite (dbh) VNIR 
spectra compared to primary mineral spectra (RELAB/ 
USGS), with XRD abundances. The spectra are highly simi-
lar despite large differences in modal mineralogy. 
Fig. 2. TAS diagram of TIR-derived sample chemistries, 
colored by their mapped rock type from Hildreth et al. 
(2012). TIR correctly identifies most samples. 
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15% [8-10]. We successfully reproduce these results 
with our sample suite, and a total-alkali vs. silica clas-
sification based on TIR-derived chemistry correctly 
classifies most rock types (Fig. 2). Furthermore, we 
show that TIR deconvolutions can successfully esti-
mate plagioclase composition (i.e. An#) to within 15% 
across a wide range of igneous lithologies (Fig. 3). We 
are moderately more successful at estimating average 
pyroxene composition than previous studies  [10]. 
Oxidation and alteration: VNIR: Syn-eruptive ox-
idation or later hydrothermal alteration has oxidized 
some samples without further alteration. In some of 
these oxidized samples, strong hematite signatures 
overwhelm spectra even when little or no hematite is 
observed in EMPA or in XRD.  Samples that are petro-
logically identical, except for minor Fe-oxide phases, 
exhibit significantly different spectral shapes. Spectra 
of relatively unoxidized samples are dominated by 
ferrous primary mineral absorptions, while oxidized 
sample spectra are completely dominated by hematite 
absorptions (Fig. 4). Thus, igneous rocks with only 
minor oxidation may appear as spectrally pure hema-
tite in VNIR remote sensing applications. We observe 
minor hydrothermal clays to have a similar effect. 
TIR: XRD and EMPA analyses show that iron ox-
ides occur below about 5% in all samples, and in 
agreement with standard TIR detection limits of 5-
10%, our models fail to accurately retrieve abundance 
or oxide type. Compared to XRD and EMPA identifi-
cations, our models consistently overestimate ferric 
oxides such as hematite and goethite, and underesti-
mate magnetite and ilmenite. Alteration phases such as 
clay minerals and zeolites are also typically overesti-
mated in TIR, perhaps due to spectral similarity to 
some glasses [11].  
Crystallinity: VNIR: Previous studies place the 
confident detection limit of glass in ferrous mineral 
mixtures at around 50-70% abundance [5]. This limit 
holds for our spectra. Our most glassy (55%), unal-
tered sample displays a ~1.2-µm glass shoulder, but 
the spectral shape is nearly identical to that of a more 
crystalline olivine-bearing sample (Fig. 1). In VNIR 
spectra of moderately crystalline mafic material, glass 
is unlikely to be uniquely detectable and may actually 
confound olivine interpretation (and vice versa). 
TIR: Unlike previous studies that overestimate 
amorphous abundance at low fractions [12], we suc-
cessfully estimate amorphous abundance to within 
15% below about 30% abundance. Above this, we ob-
serve a slight overestimation of amorphous abundance 
also observed in tephra samples [13]. We also observe 
an increasing error in modeled plagioclase composition 
with increased amorphous abundance. 
Conclusions: VNIR is very sensitive to oxidation 
and alteration, but petrologic interpretations even of 
pristine volcanic rocks can be difficult. In contrast, 
TIR spectra can estimate mineral abundances, rock 
type, and plagioclase composition across a range of 
chemistry and crystallinity. We find that increased 
glass and/or ferric oxides tend to worsen models and 
interpretations in both VNIR and TIR spectra. Never-
theless, when used together, we find that VNIR and 
TIR spectroscopy can estimate rock type, plagioclase 
composition, oxidation, and crystallinity of planetary 
lavas, providing information on emplacement and inte-
rior processes. 
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Fig. 3. Average 
plagioclase 
composition 
from XRD and 
TIR. TIR esti-
mates are with-
in 15% of XRD 
except for some 
bulk oxidized 
or altered 
samples. 
 
Fig. 4. VNIR spectra of two andesites from the same unit, 
having ~identical XRD mineralogy except for oxides. Pyrox-
ene and a 1.3 µm band are apparent in the unoxidized spec-
trum, but only hematite is apparent in the oxidized spectrum. 
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